1. Introduction {#sec1}
===============

Nematodirosis, caused by the species *Nematodirus battus*, is a major cause of severe diarrhoea and mortality in young lambs ([@bib42]), predominantely in the spring. Benzimidazole (BZ) compounds are favoured for *N. battus* control because of their high efficacy, lack of reports of resistance and the high safety index ([@bib1]). BZ-resistance has been described in *Nematodirus spathiger* and *Nematodirus filicollis* ([@bib27]; [@bib26]; [@bib30]; [@bib31]), but had not been detected in *N. battus*. One hypothesis is based on the distinct hatching behaviour of the parasite, which creates a large refugia, e.g. eggs survive at pasture for prolonged periods of time and hatch in a synchronised manner. However, recently, BZ-resistance was described and characterised in a UK *N. battus* population ([@bib28]; [@bib29]).

Given the prevalence of BZ-resistance in other gastro-intestinal nematode (GIN) species co-infecting sheep in the UK, the use of BZ compounds to control *N. battus* early in the grazing season has also been advocated because it protects the other drug classes from additional selection pressure for resistance development at a time of year where refugia would be considered low. The development of effective and sustainable control strategies for *N. battus* in the UK currently relies on previous history/experience and *Nematodirus* forecasting tools ([www.scops.org.uk/forecasts/nematodirus-forecast/](http://www.scops.org.uk/forecasts/nematodirus-forecast/){#intref0010}) to predict the risk of exposure and the use of faecal egg count reduction tests to assess anthelmintic efficacy. The use of molecular tools to test anthelmintic efficacy provides an opportunity for rapid, accurate results to be generated from a single sample without the need to treat animals and collect post-treatment samples and, can be conducted at a time when the risk of acute disease is low or absent.

Single nucleotide polymorphism (SNP) mutations at codons 167, 198 and 200 of the β-tubulin isotype-1 gene have been associated with BZ-resistance in several nematode species of veterinary importance ([@bib23]; [@bib38]; [@bib39]; [@bib18]). Evaluation of the primary BZ-resistant *N. battus* isolate identified that the F200Y mutation was involved in conferring resistance in this species ([@bib29]).

Pyrosequencing is a well-established technique for the detection of SNP mutations associated with anthelmintic resistance ([@bib43]; [@bib29]; [@bib34]), and has been widely utilised in genotype prevalence studies worldwide ([@bib35]; [@bib9], [@bib10]; [@bib11]; [@bib34]). This technique provides detailed information from the analysis of individual parasites. Deep amplicon sequencing is a highly versatile tool which provides a wealth of data, given the development of different analysis pipelines, this can be used for a wide range of research and diagnostic purposes. Recent applications of this technology for veterinary nematodes include nemabiome analysis; the study of nematode species from pooled faecal samples ([@bib2]) and the detection of BZ-resistance SNPs in multiple ovine trichostrongylid nematode species including *Teladorsagia circumcincta*, *Haemonchus contortus* and *Haemonchus placei* ([@bib3]; [@bib36]). Application of this technique for detection and quantification of BZ-resistance SNPs in *N. battus* could provide a high-throughput alternative to pyrosequencing, allowing for analysis of up to 384 populations, run in a single pool.

The aim of the present study was to explore the prevalence of β-tubulin isotype-1 mutations associated with BZ-resistance in *N. battus* from UK sheep flocks to create a baseline measurement from which to monitor future development of anthelmintic resistance. In addition, two methodologies; pyrosequencing and deep amplicon sequencing, were compared, to test their suitability for the detection and quantification of BZ-resistance mutations in *N. battus*.

2. Materials and methods {#sec2}
========================

2.1. Sample collection {#sec2.1}
----------------------

*N. battus* populations were collected between 2011 and 2016. Samples were collected in a non-stratified independent approach but attempts were made to balance for perceived spatial bias. A number of samples were submitted by Animal and Plant Health Agency (APHA) and Scotland\'s Rural College (SRUC) surveillance centres from across the UK. Additional samples were collected opportunistically in 2015 in a non-random manner, including farms from the local region surrounding the initial case of BZ-resistance in this species. Sampling in 2016 was targeted to regions which were under-represented in the biobank of *N. battus* isolates collected, but which appeared to have significant sheep densities (sheep density data from the Office for National Statistics in 2009 was mapped using QGIS; data source Geo-wiki). Farms in the target regions were contacted via local advisors, veterinarians and the Animal and Horticulture Development Board (AHDB).

During farm visits, fresh lamb faecal samples were collected from the ground, at least 10 per farm or field. Faecal samples were placed in individual plastic bags with excess air removed to suspend development during transport, once in the laboratory, samples were stored at 4 °C prior to processing. Samples which were submitted by SRUC and APHA surveillance centres were packaged in air-tight containers for postage. Sample collection packs were posted to farmers who volunteered to submit samples for the present study. Farmers were instructed to collect 10 fresh lamb faecal samples from the ground, sealing each in an individual zip lock bag with excess air removed, samples were then packaged following royal mail guidelines for biological samples and posted back to the laboratory where samples were stored at 4 °C prior to processing.

2.2. Sample preparation {#sec2.2}
-----------------------

To confirm the presence of eggs and estimate infection intensity, faecal egg counts ([@bib21]) were carried-out on all individual samples. Faeces were pooled per population for processing; a procedure based on differential sieving and flotation was used to extract eggs from faeces. Briefly, faecal samples from each farm were homogenised in tap water and thoroughly washed over stacked sieves; 212 μm, 125 μm and 53 μm to remove large particles. The filtrate containing the *N. battus* eggs were separated from the fine faecal debris using centrifugal salt flotation (saturated sodium chloride solution; specific gravity 1.2). The eggs were washed with copious quantities of tap water to remove remaining NaCl and placed into non-air-tight containers with tap water. These egg cultures were stored at ambient room temperature (18--22 °C), protected from direct sunlight to allow for larval development. Cultures were monitored microscopically for development and hatching. Larvated eggs ([Fig. 1](#fig1){ref-type="fig"}A) and third stage larvae (L~3~) ([Fig. 1](#fig1){ref-type="fig"}B) were concentrated and fixed in ethanol (final concentration \>70% EtOH) prior to DNA extraction.Fig. 1Picture of a larvated *Nematodirus battus* egg (A) and third-stage larvae (B).Fig. 1

2.3. DNA extraction {#sec2.3}
-------------------

To generate individual parasite genotypes by pyrosequencing individual egg/larvae DNA lysates were prepared from 257 farm populations. The ethanol-fixed larvated eggs/infective larvae (L3) were first re-hydrated in 1x phosphate-buffered solution (PBS) for 30 min. Thirty individual eggs/larvae from each farm population were picked in 1 μl PBS, using a new pipette tip per egg/larvae, into individual wells of a 96 well plate (Axygen, USA), containing 15 μl lysis buffer (50 mM KCl, 2.5 mM MgCl~2,~ 10 mM Tris (pH 8.3) 0.45% Nonidet P-40, 0.45% Tween 20, 0.01% Gelatine; [@bib24]). To facilitate hatching the populations containing eggs were subjected to eight freeze/thaw cycles (30 s freeze in liquid nitrogen followed by 1 min incubation at 100 °C) to weaken the egg shells. A further 15 μl of lysis buffer containing 0.2 mg/ml proteinase K was added to each well of the plate for both egg and larvae samples. Plates were placed at 56 °C for 12 h, and then incubated at 95 °C for 10 min to deactivate the proteinase K. Three lysate negative controls were included per plate, containing lysis buffer and enzyme. Crude lysates were used directly as template in PCR reactions.

To generate deep amplicon sequencing data from bulk farm samples, DNA was extracted from pools of 500--1000 larvated eggs and larvae (L3) per farm. Ethanol was removed from the parasite material, eggs/larvae were pelleted by centrifugation (16,000×*g* for 4 min) and the supernatant removed. The eggs/larvae were then washed three times in lysis buffer to remove any remaining ethanol, and then re-suspended in a final volume of 150 μl. Following the final wash step, samples containing eggs were subjected to eight cycles of freeze/thaw (30 s liquid nitrogen/1 min at 100 °C) to crack the outer shell of the egg for enzyme digestion. Proteinase K (Promega, USA) was then added to each sample (final concentration of 0.8 mg/ml) and incubated at 56 °C 12 h and 95 °C for 10 min. Unlike the individual larvae DNA samples, these crude lysates were put through a silica column (DNA extraction kit, Zymo, USA) following the manufacturers protocol and eluted in 100 μl 1xTE buffer.

2.4. Individual parasite pyrosequencing {#sec2.4}
---------------------------------------

The *N. battus*-specific codon 198/200 SNP assay used was previously described by [@bib29]. A 197bp fragment, spanning exons 4 and 5 and intervening intron of the β-tubulin isotype-1 locus was PCR amplified to analyse the 198/200 SNP and a second 104bp fragment spanning the same locus was amplified for the codon 167 assay. DNA lysates of individual eggs/larvae from 257 populations were amplified and analysed with the codon 198/200 assay and 18 populations with the codon 167 assay. PCR reactions for P198/200 and P167 were conducted using NovaTaq Hot start master mix (Merck, USA) in 50 μl volumes containing 0.185 μM reverse primer, 0.2 μM biotinylated forward primer, 4.5 mM MgCl~2~, 25 μl 2 x buffer and 4 μl of template DNA. PCR reactions were incubated at 95 °C for 10 min followed by 45 cycles at 94 °C for 30s, anneal for 30 s at 58 °C for the P198/200 assay or 54 °C for P167, and 72 °C for 30s with a final extension phase at 72 °C for 10 min. The amplified DNA fragment was analysed using the *N. battus*-specific codon 198/P200 pyrosequencing assay (Pyromark ID, Qiagen, Germany). The same pyrosequencing protocol was used for the P167 genotyping. Pyrosequencing primers for analysis of the P167 SNP were designed using the PSQ assay design v1.0 (Biotage) ([Fig. 3](#fig3){ref-type="fig"}A, [Supplementary Table S1](#appsec1){ref-type="sec"}) with the following dispensation order of nucleotides (GTCATAGCT). To monitor for contamination during DNA preparation and genotyping a total of five negative controls were included per 96-well plate; three lysate and two PCR negative controls. Amplification and pyrosequencing were repeated if any evidence of contamination was observed in these wells and the populations were discarded from the dataset if negative controls were not clear. In addition, populations were only retained for further analysis if at least 24 eggs/larvae (from a total of 30; 80% threshold) produced a strong enough pyrosequencing signal to produce a genotype.

2.5. Next-generation amplicon sequencing using the Illumina MiSeq platform {#sec2.5}
--------------------------------------------------------------------------

Deep amplicon sequencing of the β-tubulin isotype-1 gene was carried-out on DNA extracted from pools of 500--1000 eggs/larvae with two separate amplicons. A total of 174 *N. battus* populations had sufficient parasite material for inclusion. To allow for a direct comparison with the pyrosequencing data the first was the same amplicon used for the P198/P200 pyrosequencing assay ([Fig. 2](#fig2){ref-type="fig"}A, [Supplementary Table S1](#appsec1){ref-type="sec"}). These primers produced an amplicon of 198bp and contained the codons P198/P200. Primers were designed to generate a second, larger amplicon (321bp) containing all three codons, P167, P198 and P200 ([Fig. 2](#fig2){ref-type="fig"}A, [Supplementary Table S1](#appsec1){ref-type="sec"}). The PCR products produced with these primers included adaptor sequences that enabled the attachment of unique barcodes to individual samples in a two-step PCR approach and thus allowed samples to be pooled together to create amplicon libraries for sequencing.Fig. 2**Reproducibility of deep amplicon sequencing to determine the frequency of resistance in Nematodirus battus from bulk larvae DNA preparations.Panel A.** Schematic representation of location of primers used and size of amplicons produced for the deep amplicon sequencing assays and how they relate to the amplicons generated for the pyrosequencing of individual N. battus larvae.**Panel B.** Frequency of benzimidazole resistance associated mutations at codons 167 and 200 of the isotype 1 β-tubulin gene generated by deep amplicon sequencing (323bp amplicon) from pools of 500--1000 *N. battus* larvae per sample. Amplification and sequencing was independently conducted four times for each of the sixteen farms to determine reproducibility of assay.**Panel C.** Scatter-plot comparing the frequencies of the benzimidazole resistance associated mutation at codon 200 generated by deep amplicon sequencing of the two different amplicons (198bp and 323bp) spanning codon 200. Frequencies generated from sequencing the larger 323bp amplicon on the x-axis and frequencies generated from sequencing the smaller 198bp amplicon on the y-axis. The upper plot is over the range of frequencies of 0--100% and the lower plot over the range of frequencies 0--20% to better visualize the low frequency samples. Lin\'s Agreement analysis shown (0.933).**Panel D.** Frequency of resistant mutation at codon 200 generated from deep amplicon sequencing (amplicon, 323bp) and pyrosequencing populations of individual eggs/larvae (n = 23--29) from three different farms clearly showing consistency between assays when analysing the exact same template.Fig. 2

To test the reproducibility of deep amplicon sequencing, technical replicates were analysed from sixteen farm populations; amplification and sequencing was conducted a total of four times on each of these samples as described below and the allele frequencies compared.

Deep amplicon sequencing was also conducted on DNA extracted from 30 individual eggs/larvae from three farm populations for direct comparison with pyrosequencing results. Sample preparation and DNA extraction was conducted as described above for individual parasite analysis using pyrosequencing.

The initial PCR reactions were performed in 25 μl reaction volumes using Kappa HiFi Hotstart PCR kit (5 μl 5X buffer, 10 mM dNTP mix, 10 μM Nb forward primer + adapter sequence, 10 μM Nb reverse primer + adapter sequence, 0.5U Kappa HiFi hotstart polymerase, 4--10 μl of template DNA or molecular grade water for PCR negative controls) with the following cycling conditions; 95 °C for 2 min followed by 30 cycles of 98 °C for 20s, 62 °C for 15s and 72 °C for 15s, final extension phase at 72 °C for 2 min. To remove unused primers, dNTPs and contaminants, the amplicons were purified with AMPure XP beads. Illumina barcodes were added to the first round adapter PCR product using a second-round amplification. PCR reactions were performed in 25 μl reaction volume using Kappa HiFi Hotstart PCR kit (5 μl 5X buffer, 10 mM dNTP mix, 10 μM forward primer (S502 -- S522), 10 μM reverse primer (N701 -- N729), 0.5U Kappa HiFi hotstart polymerase, 3 μl of first round PCR product and molecular grade water) with the following cycling conditions; 98 °C for 45s followed by seven cycles of 98 °C for 20s, 62 °C for 20s and 72 °C for 2 min. Unique combinations of barcoded primers were added to each PCR reaction to allow for sample identification after sequencing, using primer set Nextera XT index kit V2 set (Illumina, USA) ([Supplementary Table S2](#appsec1){ref-type="sec"}). Second round amplicons were bead purified to remove unwanted contaminants. Individual samples were quantified and pooled to create a normalised library (50 ng of each sample). The library was quantified by qPCR using the Illumina library Quantification Kit and Universal qPCR Mix (Kappa Biosystems) that uses absolute quantification against supplied DNA standards. The library was then diluted to 4 nM for denaturation, combined with 20% PhiX and loaded onto the Miseq sequencer following standard procedures.

2.6. Analysis pipeline for Illumina sequence data {#sec2.6}
-------------------------------------------------

The analysis pipeline was adapted from a previously published method ([@bib3]). Initially, the software package, Mothur v1.41.0 ([@bib37]) was used to assign specific sequences to their respective nematode species of origin. In brief, forward and reverse sequences were merged to produce contigs, these contigs were then filtered and sequences were removed on the basis of contig size (\<200bp and \>450bp) and the presence of ambiguities in the overlapping region. The sequences were then aligned to a database of nematode isotype-1 β-tubulin sequences (Supplementary Data S1; for details see [@bib3]) and removed if they did not align to at least 10% of any other sequences with at least 60% similarity. The remaining sequences were assumed to be solely β-tubulin isotype-1 sequences and were taxonomically classified with the k-nearest-neighbour method (k = 3) to generate a list of sequences belonging to each species from each sample. Returning to the original raw data, paired-end reads from each sample were merged with the default settings in PEAR 0.9.6 ([@bib44]) to create contiguous FASTQ sequences. The species list generated by Mothur was then used to divide the FASTQ sequences from each sample generated by PEAR into individual species-specific FASTQ files.

To identify non-synonymous mutations in codons 167, 198 and 200 the species-specific FASTQ files were aligned with BWA 0.7.12 to their species reference sequences (consensus isotype-1 β-tubulin sequences with known susceptible haplotypes at codon 167, 198 and 200; Supplementary Data S2) using default settings ([@bib25]). The resulting aligned SAM files were converted to BAM files (SAMtools 0.1.19, [@bib25]) and the missing headers and sample information was retrieved with Picard Tools 1.139 (Broad Institute: <https://boardinstitute.github.io/picard>). This generated a reference sequence directory that could be used for variant calling. Variants from each species were called with VarDict 1.5 (settings: amplicon-aware variant calling, 0.1% minimum frequency and 40 maximum allowed mismatches). Variants with greater than 200 reads for a respective species per sample were translated and annotated using the SnpEff 4.3.1 bioinformatic tool ([@bib12]). SnpSift 4.3.1 was also used to sort variants and only variants with moderate to high effects (i.e. non-synonymous and frame-shift mutations) were kept. For the purposes of this paper, only *Nematodirus battus* variants resulting in changes at codons 167, 198, and 200 were analysed further.

2.7. Statistical analysis {#sec2.7}
-------------------------

Allele frequencies of technical replicates prepared from sixteen farm populations analysed by deep amplicon sequencing were compared using a Kruskal Wallis test in SPSS v24 (IBM) and the resistant allele frequencies obtained from pyrosequencing and deep sequencing were compared by Lin\'s Concordance Correlation Coefficient, calculated in SPSS with the syntax provided by <https://gjyp.nl/marta/Lin.sps>. *r*~*c*~ (CCC) values \> 0.8 are classified as a near perfect agreement (*r*~*c*~ = 1, would represent perfect agreement). Populations were divided into geographical regions for analysis (map boundaries detailed in [Supplementary Fig. S1](#appsec1){ref-type="sec"}). Binomial logistic regression analysis was carried out to calculate the increase in risk of identifying F200Y resistant alleles between regions using pyrosequencing results (R version 3.2.5). Hardy-Weinberg analysis was performed to determine whether the P200 locus was under active selection at the point of the study. Observed and expected homo/hetero-zygote frequencies were compared using a chi-squared analysis, performed in Microsoft Excel.

3. Results {#sec3}
==========

3.1. Reproducibility of the deep amplicon sequencing assay {#sec3.1}
----------------------------------------------------------

To evaluate the technical reproducibility of the amplicon sequencing assay to estimate the frequency of resistant mutations, sixteen bulk farm samples were sequenced on two separate occasions several months apart using freshly-generated amplicons from the same archived DNA preparation on each occasion. The frequencies of both the 167Y and 200Y mutations were found to be very similar between separate sequencing runs ([Fig. 2](#fig2){ref-type="fig"}B). In addition, the same amplicon was barcoded with three different sets of indices on the same run and treated as separate samples throughout the bioinformatic pipeline to investigate the effect barcoding may have on the outcome of the assay. Frequencies of the 167Y mutation (H = 0.006, p \< 0.02) and the 200Y mutation (H = 0.124, p \< 0.05) were found to have a low variance ([Fig. 2](#fig2){ref-type="fig"}B) and showed that the deep sequencing was technically robust producing consistent results both within a sequencing run (same amplicon is used) and between sequencing runs when independent amplicons from the same DNA preparation was used.

3.2. Comparison of two separate deep amplicon sequencing assays and negating primer-induced bias {#sec3.2}
------------------------------------------------------------------------------------------------

Different primer pairs were used to amplify two distinct amplicons; the first 323bp in length was designed to encompass all three resistant mutations (codons 167, 198 and 200) and second was 198bp in length which was exactly the same amplicon used for the pyrosequencing assay for codons 198 and 200 ([Fig. 2](#fig2){ref-type="fig"}A). The use of the same amplicon for both pyrosequencing and deep sequencing enabled a direct comparison between the technologies to be made at least for codon 198 and 200 by eliminating any potential differences in primer-pair amplification efficiency or haplotypes targeted. The allele frequencies of 200Y derived from the two deep sequencing assays proved very similar (H = 0.293, p \< 0.05) with only 2.5% of samples producing more than a 5% difference in resistant allele frequency between the two sequencing assays (Lins' CCC, *r*~*c*~ = 0.933; [Fig. 2](#fig2){ref-type="fig"}C). This shows that the primers used in the pyrosequencing and amplicon sequencing assays do not contribute significantly to any potential differences observed in the frequencies of the resistance mutations.

3.3. Comparison of individual parasite genotyping by pyrosequencing and deep amplicon sequencing {#sec3.3}
------------------------------------------------------------------------------------------------

Initially a small sub-set of three farm populations were selected to examine the potential of the two technologies to genotype populations of individual eggs/larvae and estimate frequency of the 200Y resistant mutation on each of the farms. DNA was prepared from between 23 and 29 individual eggs/larvae and genotyped at codon 200 by pyrosequencing and by deep amplicon sequencing. The amplicon sequencing successfully amplified 98.4% of the individual parasites previously genotyped via pyrosequencing, also confirming that they were *N. battus.* Comparison of the frequency of the 200Y resistant mutation within each of these farm populations indicated good agreement between pyrosequencing and deep amplicon sequencing of individual parasites when the same template was used for each assay ([Fig. 2](#fig2){ref-type="fig"}D).

3.4. Prevalence and frequency of resistant mutations in *N. battus* populations in the UK {#sec3.4}
-----------------------------------------------------------------------------------------

Pyrosequencing was performed on 257 *Nematodirus battus* populations using individual larvated egg/larvae (n = 30). Four populations failed to reach the 80% threshold, therefore results represent the remaining 253 populations. Within the 257 populations, 174 were analysed by deep amplicon sequencing using DNA made from pools of 500--1000 larvated eggs and larvae, including the four populations removed from pyrosequencing analyses. A total of 170 populations were analysed using both platforms. The following results include all populations analysed by each platform respectively. The resistant allele at codon 200 was identified on 68 of 253 (26.8%) farms tested throughout the UK by pyrosequencing and 22 of 174 (12.6%) farms by deep amplicon sequencing ([Fig. 3](#fig3){ref-type="fig"}A). The number of farms where the resistant mutation was identified was highest for the NW of England where it was found on 14 of the 33 farms (42.4%) for pyrosequencing and 14 of the 28 farms (50.0%) for deep amplicon sequencing. The overall individual allele frequency was low; (mean ± SEM) 2.2 ± 0.6% by pyrosequencing and 2.3 ± 0.9% using deep sequencing but geographical separation of the data revealed that the F200Y resistant allele frequency was 9.01% ± 3.6% on the basis of pyrosequencing and 10.5% ± 4.5% on the basis of deep amplicon sequencing in the NW of England ([Fig. 3](#fig3){ref-type="fig"}B). The wide distribution of the F200Y resistant allele was analysed by logistic regression analysis revealing that it was almost three times more likely in the NW of England compared to other regions of the UK (estimate 2.7; 95% CI. 2.1--3.5, p \< 0.001; [Fig. 3](#fig3){ref-type="fig"}B). The resistant allele frequency was also found at high frequency on one particular farm in the North of Scotland; 64.6% for pyrosequencing and 88.0% for deep amplicon sequencing ([Fig. 3](#fig3){ref-type="fig"}B).Fig. 3**Frequency of resistant mutations at codons 167 and 200 in *Nematodirus battus* populations on UK farms obtained from pyrosequencing of individual larvated eggs and larvae (n = 253 populations) (PYR) and deep amplicon sequencing bulk egg/larval DNA preparations (n = 174 populations) (MIS). Note not all farms were examined by both techniquesPanel A.** Number of farm populations in which resistant alleles were identified at codon 200 (y-axis) by deep amplicon sequencing (MIS) and pyrosequencing (PYR), separated by geographic region (x-axis), with the total numbers of farms analysed by each technology indicated in parentheses above the bars.**Panel B.** Frequency of resistant mutation at codon 200 displayed as a violin plot with the 95% confidence interval of the median frequency per geographic region indicated.**Panel C.** Frequencies of resistant mutation at codon 167 summarised with the total number of farms analysed by each assay (pyrosequencing n = 18/deep amplicon sequencing n = 174).Fig. 3

Deep amplicon sequencing identified the F167Y mutation in six farm isolates of the 174 tested. The overall frequency of F167Y was low; 0.2 ± 0.07%, range 0--13.9%. A subset of 18 *N. battus* farm populations were analysed at codon 167 by pyrosequencing. Of the 18 populations tested, the F167Y mutation was identified in 4 populations ranging from 3 to 13% ([Fig. 3](#fig3){ref-type="fig"}C). No BZ-resistance associated mutations were identified at codon 198 (E198A or E198L) in any of the populations tested by either pyrosequencing or deep amplicon sequencing.

3.5. Hardy-Weinberg analysis {#sec3.5}
----------------------------

The F167Y mutation was found to be mutually exclusive with F200Y, i.e. double heterozygous individuals were identified but no double homozygous resistant individuals were observed. Heterozygote: homozygote ratios were obtained from pyrosequencing for codon 200. The genotype ratios were compared with the Hardy-Weinberg equilibrium to evaluate whether the loci were under active selection at the time of sampling. Analysis concluded that codon 200 was departed from the Hardy-Weinberg equilibrium, consistent with the locus being under selection (χ^2^ = 833, p \< 0.001).

3.6. Overall comparison of next-generation amplicon sequencing and pyrosequencing results {#sec3.6}
-----------------------------------------------------------------------------------------

*N. battus* populations from 170 farms were successfully analysed by both deep amplicon sequencing and pyrosequencing at the F200Y locus. Results were largely comparable between the two technologies. Pyrosequencing identified the resistant F200Y mutation in 40 of 170 analysed farm populations with a mean resistant allele frequency of 2.6 ± 0.8% (±SEM) (range 0--92.6%). The F200Y mutation was identified in 22 of the 170 farm populations by deep sequencing; mean resistant allele frequency 2.3 ± 0.9% (range 0--92.1%). Comparison of the pyrosequencing and deep amplicon sequencing F200Y allele frequencies by Lins\' concordance analysis found significant agreement between the results (Lins\' Concordance Correlation Coefficient, *r*~*c*~ = 0.961, [Fig. 4](#fig4){ref-type="fig"}A). Repetition of this analysis with just data below a threshold frequency of 20% revealed much weaker agreement between the results of single egg/larvae pyrosequencing and bulk parasite deep amplicon sequencing (Lins' CCC, *r*~*c*~ = 0.460, [Fig. 4](#fig4){ref-type="fig"}A) highlighting variation between the two assays at lower frequencies. Another standard approach to compare the paired results is to use a Bland-Altman plot that plots the mean F200Y allele frequency (x-axis) against the difference in F200Y allele frequency between the two technologies (y-axis): data points at the lower frequencies both above and below the origin on the y-axis highlight the discrepancies ([Fig. 4](#fig4){ref-type="fig"}B). On the basis of presence or absence with a 1% threshold a parallel-set plot revealed that the two assays agreed for 140 out of a total of 170 farms (82.4% of farms). Suspected resistant alleles; where one technology identified the F200Y mutation and the other did not, occurred in 17.7% of farm isolates, suspect resistant alleles were more commonly identified by pyrosequencing than deep sequencing; in 15.3% (26/170 farms) and 2.4% (4/170 farms) of populations respectively ([Fig. 4](#fig4){ref-type="fig"}C). The resistant allele frequencies detected in suspect resistant populations were relatively low; 1--1.8% resistant alleles in deep amplicon sequencing and 1.7--7.6% in pyrosequencing. Although the F200Y SNP was identified in a greater number of regions by pyrosequencing compared to deep amplicon sequencing, both technologies identified resistant alleles in the regions which were highlighted as confirmed or suspected focal regions of resistance; North West England and North Scotland respectively.Fig. 4**Comparison of the two different assays, pyrosequencing populations of individual egg/larvae and deep amplicon sequencing of bulk egg/larval DNA preparations to estimate frequency of resistant mutations in the *N. battus* β-tubulin isotype-1 gene.Panel A.** Scatter-plot of frequencies of resistant mutation at codon 200 generated from deep amplicon sequencing and pyrosequencing. Frequencies generated from sequencing on the x-axis and frequencies generated from pyrosequencing on the y-axis. Lin\'s Agreement analysis shows (0.961) that overall there is very little difference between the results generated from the two different assays except at the lower frequencies (\<20%) when Lins\' Agreement estimate drops to 0.460.**Panel B.** Bland-Altman plot comparing F200Y allele frequency results obtained from pyrosequencing vs. deep amplicon sequencing. The mean F200Y allele frequency (x-axis) was plotted against the difference in F200Y allele frequency between the two technologies (y-axis) to explore the variation observed. The dashed lines represent the mean difference and standard deviations with the respective 95% confidence intervals of each indicated by dotted lines.**Panel C.** Parallel-sets plot displaying the relative proportions of samples that are either positive i.e. the resistant mutation (200Y) is present on a farm or negative i.e. the resistant mutation is absent on that farm, at a threshold of 1%. The cross-over regions represent the relative proportion of samples that disagree between the assays and were categorised as suspected resistant farms (where one technology identified the F200Y mutation and the other did not). Suspect resistant alleles were more commonly identified by pyrosequencing than deep sequencing.Fig. 4

4. Discussion {#sec4}
=============

The results of the current study have demonstrated that benzimidazole resistance mutations are emerging but are at an early stage of dissemination in UK populations of *N. battus*. Although *N. battus* has been previously believed to be refractory from the development of anthelmintic resistance, we have identified two different BZ-resistance associated SNPs in UK populations of this parasite species - at codons 167 and 200 of the β-tubulin isotype 1 gene - by both pyrosequencing and next-generation amplicon sequencing. F200Y was found to be the predominant mutation, as is most often the case in other ovine GIN species ([@bib5]; [@bib8]; [@bib34]; [@bib3]). Analysis of the resistance and suscepible allele ratios is consistent with this SNP being under selection in *N. battus* populations although further analysis on population structure and/or neutral control loci is needed to confirm this. In this study F200Y was identified in populations from throughout the UK, in 12--27% of the populations tested, depending on the methodology used, albeit at a very low individual resistant allele frequency overall (∼2%) compared with the allele frequencies observed in other strongyle nematode species ([@bib34]). The F167Y SNP was identified for the first time in this species but, the prevalence was found to be extremely low, detected at an allele frequency greater than 1% in populations originating from only four independent farms. These results suggest that this mutation has very recently emerged in this species.

BZ-resistance in *H. contortus* and *T. circumcincta* is at an advanced stage in the UK and previous work has provided evidence that F200Y has likely arisen multiple independent times ([@bib35]). In contrast, the overall low frequency of resistance alleles together with the strong regional distribution of those few farms with high F200Y mutation frequencies suggests that resistance is at an early stage of development in the UK and focused in the NW of England. Dissemination of resistance within this region and beyond is possibly mediated by animal movements and trade. This is analogous to the situation described for the relatively rare E198A mutation in Southern India for which the molecular evidence suggests early spread from a single source ([@bib9], [@bib10]). Understanding the emergence of anthelmintic resistance in parasitic nematodes of veterinary importance has generally been hampered by resistance being at a late stage by the time it has been detected and studied. The detection of BZ-resistance at such an early stage of the emergence in *N. battus* in the UK provides a unique opportunity to study its development and dissemination, using both the sample set presented here and resampling populations in the future.

The local spread of resistant alleles between farms in focal regions may be linked with animal trade, wildlife movement or weather events such as flooding to move parasites from one farm to another. Wildlife are frequently observed grazing in livestock fields and have been shown to carry GIN typically associated with sheep and cattle ([@bib32]; [@bib13]). *N. battus* can establish viable infections in wild deer and rabbits ([@bib16]; [@bib6]), making wildlife reservoirs a possible route of local transmission. A previous study demonstrated the passage of a BZ-resistant isolate of *Haemonchus contortus* in roe deer which produced viable eggs capable of infecting cattle and sheep ([@bib13]), and so at least in principal, wild deer have the potential to contribute to the spread of BZ-resistant *N. battus* between farms. A review of historic complaints to the Agricultural Development and Advisory Service regarding damage to agricultural land or crops by wild deer indicated that red deer were most commonly associated with pasture and forage crop damage whilst other species such as fallow and roe deer were linked to loss of cereals, arable crops and orchard damage ([@bib33]). A recent study of the geographic distribution of red deer in the UK illustrated that the North West of England, where high F200Y resistant allele frequencies were identified in the current study, have been inhabited by wild red deer consistently since the study began in 2007 ([@bib7]). Further research would be required to assess the distribution of *N. battus* within the wild deer population.

Another interesting question is why the emergence of anthelmintic resistance has been much slower in *N. battus* compared to many other GIN species, including other *Nematodirus* species ([@bib31]). The delay in resistance emergence may be related to distinct differences in life history traits between the species. For example, *N. battus* is typically restricted to a narrow spring infection, the large population active at one time following synchronised hatching may provide a large refugia, thus slowing the expansion of resistance. Alternatively, if there were a greater fitness cost of resistance alleles, or genetically linked polymorphisms, in *N. battus* compared to other species this could be responsible for the delay.

Within this study we also compared data on BZ-resistance SNP frequencies based on pyrosequence genotyping and deep amplicon sequencing using the Illumina Miseq platform. There is currently no 'gold standard' method for detecting and measuring SNP mutations. However, in the current study we demonstrated that both pyrosequencing and next--generation amplicon sequencing were valuable methods for analysing the presence and frequency of SNPs in *N. battus*. Results were similar between the technologies with a high level of agreement overall. However, there was some discrepancy between the platforms at low resistance allele frequencies. The technologies agreed on the presence or absence (using a threshold of 1%) of the F200Y SNP in 82.4% of the populations tested. However, 17.7% of the populations were reported to contain the resistance allele by one assay and not the other. This discrepancy exclusively occurred at low allele frequencies. Resistance alleles were reported in 26 farm populations by pyrosequencing but not by deep amplicon sequencing (F200Y, frequency range 1.7--7.6%). The reverse was true for four populations (F200Y, frequency range 1.0--1.8%). The reasons for the variation observed between platforms, with the pyrosequencing suggesting that more populations have low frequency resistance alleles than the MiSeq, is unclear at this point. Pyrosequencing was performed on 30 individual parasites per population whilst deep amplicon sequencing used pools of 500--1000 and so it is unlikely that the lack of detection by the amplicon sequencing was due to resistant individuals in the population not being sampled. Also, we ruled out the possibility that the amplicon sequencing assay might be missing specific haplotypes that were detected by pyrosequencing assay by using identical primers to generate the 198bp amplicons for both amplicon and pyrosequencing assays ([Fig. 2](#fig2){ref-type="fig"}A). Finally, although extensive measures were taken to minimize contamination risk at each stage of the process, and negative controls included in each sample set, it is not possible to completely rule out rare template contamination events. The consequences of rare contamination events will differ depending on the methodologies and platforms used. For example, in the case of pyrosequencing, where 30 individual larvae were genotyped per population, even if there were as few as 1 in 300 samples being positive due to template contamination, that would result in as many as 1 in 10 populations being falsely called as positive for the presence of low frequency resistance mutations. In contrast, if 1 in 300 samples were positive due to template contamination, the deep amplicon sequencing assay would only falsely suggest 1 in 300 populations were positive for the resistance mutation since only a single PCR is performed per population. However, in the case of amplicon sequencing, such a false positive could lead to a large number of sequence Illumina reads that carry the mutation and so falsely suggest the presence of the resistance mutation at a high frequency in the population. Consequently, the same template contamination events would have different effects on the false positive rate between the two different methodologies. It would lead to a larger number of false positive populations for the resistance mutation being suggested by individual egg/larvae pyrosequencing but these mutations appear to be present at low frequency in the affected populations. In contrast, the deep amplicon sequencing would suggest fewer false positive populations but could falsely suggest the resistance mutations was present at a high frequency in the smaller number of affected populations. These issues illustrate that more work needs to be undertaken to develop protocols and controls to account for and mitigate rare template contaminations events when applying these assays to large scale surveillance particularly when resistance is at an early stage of emergence.

Although there was variation in results between the two methods for low frequency alleles, our results show that both methods are valuable diagnostic tools. Previous research in other nematode species suggests clinical drug inefficacy is believed to require resistant allele frequencies to be above 10--30% ([@bib43]; [@bib14]). Hence, either method would be sufficient as a tool to diagnose possible anthelmintic resistance following suspected drug failure. For other research applications, each method has its own advantages and disadvantages depending on the nature of the question being asked. For example, the ability to screen a large number of pooled samples by next-generation amplicon sequencing from a single MiSeq run by using unique barcoded primer pairs makes this method better suited to large-scale projects or central diagnostic/research laboratories. However, for smaller scale studies, or if individual genotypes are required to provide information on hetero- and homozygous genotype ratios, the pyrosequencing platform provides a much more cost effective method.

5. Conclusions {#sec5}
==============

Analysis of a large number of UK *N. battus* populations identified two SNPs previously associated with BZ-resistance in other GIN species; at codons 167 and 200 of the β-tubulin isotype 1 gene. F200Y was identified in approximately a quarter of the populations tested, at very low frequency on most farms on which it was detected. Four out of the five farms with a high frequency were located in the NW of England, possibly indicating an early emergence of resistance from that region of the country. The F167Y was also identified but only at a very low frequency suggesting an even earlier emergence of this mutation. The results discussed here provide a benchmark of resistance in this species, providing a unique opportunity to follow the progress of BZ-resistance in the future.

Next-generation amplicon sequencing and pyrosequencing assays were successfully developed for the detection and quantification of SNPs associated with BZ-resistance in *N. battus*. Results from the two methods were comparable for the F200Y mutation overall, believed to be key in conferring BZ-resistance in the species. Although, there were some discrepancies for low frequency alleles, our results suggest that both methods can be utilised to monitor the development and dissemination of resistance SNPs in *N. battus* and help confirm BZ-resistance in cases of suspected clinical drug failure.
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